The multiprotein mTORC1 protein kinase complex is the central component of a pathway that promotes growth in response to insulin, energy levels, and amino acids, and is deregulated in common cancers. We find that the Rag proteins-a family of four related small guanosine triphosphatases (GTPases)-interact with mTORC1 in an amino acid sensitive manner and are necessary for the activation of the mTORC1 pathway by amino acids. A Rag mutant that is constitutively bound to GTP interacted strongly with mTORC1 and its expression within cells made the mTORC1 pathway resistant to amino acid deprivation. Conversely, expression of a GDP-bound Rag mutant prevented stimulation of mTORC1 by amino acids. The Rag proteins do not directly stimulate the kinase activity of mTORC1, but, like amino acids, promote the intracellular localization of mTOR to a compartment that also contains its activator Rheb.
most mTORC1 purifications rely on antibodies to isolate mTORC1, we wondered if in previous work antibody heavy chains obscured, during SDS-PAGE analysis of purified material, mTORC1-interacting proteins of 45-55 kD. Indeed, using a purification strategy that avoids this complication (29) , we identified the 44 kD RagC protein as co-purifying with overexpressed raptor, the defining component of mTORC1 (6) (7) (8) (9) .
RagC is a Ras-related small GTP-binding protein and one of four Rag proteins in mammals (RagA, RagB, RagC, RagD). RagA and RagB are very similar to each other and are orthologues of budding yeast Gtr1p whereas RagC and RagD are similar and are orthologues of yeast Gtr2p (10) (11) (12) . In yeast and in human cells the Rag and Gtr proteins function as heterodimers consisting of one Gtr1p-like (RagA or RagB) and one Gtr2p-like (RagC or RagD) component (13, 14) . The finding that RagC co-purifies with raptor was intriguing to us because in yeast Gtr1p and Gtr2p regulate the intracellular sorting of the Gap1p amino acid permease (15) and microautophagy (16) , processes modulated by amino acid levels and the TOR pathway (17) (18) (19) . The Gtr proteins have been proposed to act downstream or in parallel to TORC1 in yeast because their overexpression induces microautophagy even in the presence of rapamycin, which normally suppresses it (16) .
To verify our identification of RagC as an mTORC1 interacting protein, we expressed raptor with different pairs of Rag proteins in human embryonic kidney (HEK)-293T cells. Consistent with the Rags functioning as heterodimers, raptor co-purified with RagA-C or RagB-C, but not with RagA-B or the Rap2A control protein (Fig. 1A) . Because the nucleotide loading state of most GTP-binding proteins regulates their functions, we generated RagB, RagC, and RagD mutants predicted (13, 15, 16) to be restricted to the GTPor GDP-bound conformations (for simplicity we call these mutants RagB GTP , RagB GDP , etc.) (29) . When expressed with mTORC1 components, Rag heterodimers containing RagB GTP immunoprecipitated with more raptor and mTOR than did complexes containing wild-type RagB or RagB GDP (Fig. 1B) . The GDP-bound form of RagC increased the amount of co-purifying mTORC1, so that RagB GTP -C GDP recovered the highest amount of endogenous mTORC1 of any heterodimer tested (Fig. 1C) . Giving an indication of the strength of the mTORC1-RagB GTP -C GDP association, in this same assay we could not detect co-immunoprecipitation of mTORC1 with Rheb1 (Fig. 1C) , an established interactor and activator of mTORC1 (1) . When expressed alone, raptor, but not mTOR, associated with RagB GTP -D GDP , suggesting that raptor is the key mediator of the Rag-mTORC1 interaction (Fig. 1D) . Consistent with this, rictor, an mTOR-interacting protein that is only part of mTORC2 (1), did not co-purify with any Rag heterodimer ( Fig. 1C and Fig. S1 ). Lastly, highly purified raptor interacted in vitro with RagB-D and, to a larger extent, with RagB GTP -D GDP , indicating that the Rag-raptor interaction is most likely direct (Fig. 1E ).
We tested whether various Rag heterodimers affected the regulation of the mTORC1 pathway within human cells. In HEK-293T cells, expression of the RagB GTP -D GDP heterodimer, which interacted strongly with mTORC1, not only activated the pathway but also made it insensitive to deprivation for leucine or total amino acids, as judged by the phosphorylation state of the mTORC1 substrate T389 of S6K1 ( Fig. 2A and B) . The wildtype RagB-D heterodimer had milder effects than RagB GTP -D GDP , making the mTORC1 pathway insensitive to leucine deprivation, but not to the stronger inhibition caused by total amino acid starvation ( Fig. 2A and B) . Expression of RagB GDP -D GTP , a heterodimer that did not interact with mTORC1 ( Fig. 1C and D) , had dominant negative effects, as it eliminated S6K1 phosphorylation in the presence as well as absence of leucine or amino acids ( Fig. 2A and B) . Expression of RagB GDP alone also suppressed S6K1 phosphorylation (Fig. S2) . These results suggest that the activity of the mTORC1 pathway under normal growth conditions depends on endogenous Rag function.
To verify the actions of the Rags in a more physiological setting than that achieved by transient cDNA transfection, we generated HEK-293T cell lines stably expressing Rheb1, RagB, or RagB GTP (attempts to generate lines stably expressing RagB GDP failed). Under normal growth conditions these cells were larger than control cells and had higher levels of mTORC1 pathway activity (Fig. 3A) . Unlike transient Rheb1 overexpression ( Fig. 2A and B), stable expression did not make the mTORC1 pathway insensitive to leucine or amino acid starvation ( Fig. 3B and C) , consistent with evidence that transiently overexpressed Rheb may have non-physiological consequences on amino acid signaling to mTORC1 (4, 5) . Stable expression of a Rheb1 GTP mutant was also unable to make the mTORC1 pathway resistant to amino acid deprivation (Fig. S3) . In contrast, stable expression of RagB GTP eliminated the sensitivity of the mTORC1 pathway to leucine or total amino acid withdrawal, whereas that of wild-type RagB overcame sensitivity to leucine but not to amino acid starvation ( Fig. 3B and C) . Thus, transient or stable expression of the appropriate Rag mutants is sufficient to put the mTORC1 pathway into states that mimic the presence or absence of amino acids.
To determine if the Rag mutants affect signaling to mTORC1 from inputs besides amino acids, we tested whether in RagB GTP -expressing cells the mTORC1 pathway was resistant to other perturbations known to inhibit it. This was not the case, as oxidative stress, mitochondrial inhibition, or energy deprivation still reduced S6K1 phosphorylation in these cells (Fig. S4) . Moreover, in HEK-293E cells, expression of RagB GTP -D GDP did not maintain mTORC1 pathway activity in the absence of insulin (Fig. 2C) . Expression of the dominant negative RagB GDP -D GTP heterodimer did, however, block insulin-stimulated phosphorylation of S6K1 (Fig. 2C) , as did amino acid starvation (Fig. 2D) . Thus, although RagB GTP expression mimics amino acid sufficiency, it cannot substitute for other inputs that mTORC1 normally monitors.
This evidence for a primary role of the Rag proteins in amino acid signaling to mTORC1 raised the question of where, within the pathway that links amino acids to mTORC1, the Rag proteins might function. The existence of the Rag-mTORC1 interaction (Fig. 1) , the effects on amino acid signaling of the Rag mutants ( Fig. 2 and 3) , and the sensitivity to rapamycin of the S6K1 phosphorylation induced by RagB GTP (Fig. S4) , strongly suggested that the Rag proteins function downstream of amino acids and upstream of mTORC1. To verify this we took advantage of the established finding that cycloheximide re-activates mTORC1 signaling in cells starved for amino acids by blocking protein synthesis and thus boosting the levels of the intracellular amino acids sensed by mTORC1 (20) (21) (22) . Thus, if the Rag proteins act upstream of amino acids, cycloheximide should overcome the inhibitory effects of the RagB GDP -C GTP heterodimer on mTORC1 signaling, but if they are downstream, cycloheximide should not reactivate the pathway. The results were clear: cycloheximide treatment of cells reversed the inhibition of mTORC1 signaling caused by leucine deprivation, but not that caused by expression of RagB GDP -C GTP (Fig. S5) . Given the placement of the Rag proteins downstream of amino acids and upstream of mTORC1, we determined whether amino acids regulate the Rag-mTORC1 interaction within cells. Initial tests using transiently co-expressed Rag proteins and mTORC1 components did not reveal any regulation of the interaction. Because we reasoned that pronounced overexpression might overcome the normal regulatory mechanisms that operate within the cell, we developed an assay (29) , based on a reversible chemical cross-linker, which allows us to detect the interaction of stably expressed FLAG-tagged Rag proteins with endogenous mTORC1. With this approach we readily found that amino acids, but not insulin, promote the Rag-mTORC1 interaction when using either FLAG-tagged RagB or RagD to isolate mTORC1 from cells ( Fig. 3D and S6A ). As the GTP-loading state of the Rag proteins also regulates the Rag-mTORC1 interaction (Fig. 1) , we determined whether amino acids modulate the amount of GTP bound to RagB. Indeed, amino acid stimulation of cells increased the GTP loading of RagB (Fig. 3E) . Consistent with this, amino acids did not further augment the already high level of interaction between mTORC1 and the RagB GTP mutant (Fig. 3D) .
To determine if the Rag proteins are necessary for amino acids to activate the mTORC1 pathway we used combinations of lentivirally-delivered shRNAs to suppress RagA and RagB or RagC and RagD at the same time. Loss of RagA and RagB also led to the loss of RagC and RagD and vice versa, suggesting that within cells the Rag proteins are unstable when not in heterodimers (Fig. 3F) . In cells with a reduction in the expression of all the Rag proteins, leucine-stimulated phosphorylation of S6K1 was strongly reduced (Fig. 3G) . The role of the Rag proteins appears to be conserved in Drosophila cells as dsRNA-mediated suppression of the Drosophila orthologues of RagB or RagC eliminated amino acid-induced phosphorylation of dS6K (Fig. 3H) . Consistent with amino acids being necessary for activation of mTORC1 by insulin, a reduction in Rag expression also suppressed insulinstimulated phosphorylation of S6K1 (Fig. S6B) . Thus, the Rag proteins appear to be both necessary and sufficient for mediating amino acid signaling to mTORC1.
Unlike Rheb (23, 24) , the Rag heterodimers did not directly stimulate the kinase activity of mTORC1 in vitro (Fig. S7) , so we considered the possibility that the Rag proteins regulate the intracellular localization of mTOR. mTOR is found on the endomembrane system of the cell, including the endoplasmic reticulum, Golgi apparatus, and endosomes (25, 26) . The intracellular localization of endogenous mTOR, as revealed with an antibody that we validated recognizes mTOR in immunofluorescence assays (Fig. S8) , was strikingly different in cells deprived of amino acids than in cells starved and briefly re-stimulated with amino acids (Fig. 4A and S11 ) or growing in fresh complete media (Fig. S9) . In starved cells mTOR was in tiny puncta throughout the cytoplasm, whereas in cells stimulated with amino acids for as little as 3 minutes, mTOR localized to the peri-nuclear region of the cell, to large vesicular structures, or to both (Fig. 4A) . Rapamycin did not block the change in mTOR localization induced by amino acids (Fig. 4A) , indicating that it is not a consequence of mTORC1 activity but rather may be one of the mechanisms that underlies mTORC1 activation. The amino acid-induced change in mTOR localization required expression of the Rag proteins and of raptor ( Fig. 4B and C) , and amino acids also regulated the localization of raptor (Fig. S10 ).
In cells overexpressing RagB, Rheb1, or Rheb1 GTP , mTOR behaved as in control cells, its localization changing upon amino acid stimulation from small puncta to the peri-nuclear region and vesicular structures (Fig. 4D) . In contrast, in cells overexpressing the RagB GTP mutant that eliminates the amino acid sensitivity of the mTORC1 pathway, mTOR was already present on the peri-nuclear and vesicular structures in the absence of amino acids, and became even more localized to them upon the addition of amino acids (Fig. 4D) . Thus, there is a correlation, under amino acid starvation conditions, between the activity of the mTORC1 pathway and the subcellular localization of mTOR, implicating a role for Ragmediated mTOR translocation in the activation of mTORC1 in response to amino acids.
We failed to find an established marker of the endomembrane system that co-localized with mTOR in amino acid starved cells. However, in cells stimulated with amino acids, mTOR in the peri-nuclear region and on the large vesicular structures overlapped with Rab7 (Fig. 5A ), indicating that a significant fraction of mTOR translocated to the late endosomal and lysosomal compartments in amino acid replete cells. In cells expressing RagB GTP , mTOR was present on the Rab7-positive structures even in the absence of amino acids (Fig. 5B ).
The peri-nuclear region and vesicular structures on which mTOR appears after amino acid stimulation are similar to the Rab7-positive structures where GFP-tagged Rheb localizes in human cells (27, 28) . Unlike mTOR, however, amino acids did not appreciably affect the localization of Rheb, as GFP-Rheb1 co-localized with dsRed-Rab7 in the presence or absence of amino acids (Fig. 5C) . Unfortunately, it is currently not possible to compare, in the same cells, the localization of endogenous mTOR with that of Rheb because the signal for GFP-Rheb or endogenous Rheb is lost after fixed cells are permeabilized to allow access to intracellular antigens (27, 28) . Nevertheless, given that both mTOR and Rheb are present in Rab7-positive structures after amino acid stimulation, we propose that amino acids might control the activity of the mTORC1 pathway by regulating, through the Rag proteins, the movement of mTORC1 to the same intracellular compartment that contains its activator Rheb (see model in Fig. 5D ). This would explain why activators of Rheb, like insulin, do not stimulate the mTORC1 pathway when cells are deprived of amino acids, and why Rheb is necessary for amino acid-dependent mTORC1 activation (4) (Fig. S12) . When Rheb is highly overexpressed, some might become mis-localized and inappropriately encounter and activate mTORC1, explaining why Rheb overexpression, but not loss of TSC1 or TSC2 makes the mTORC1 pathway insensitive to amino acids (4, 5) .
In conclusion, the Rag GTPases bind raptor, are necessary and sufficient to mediate amino acid signaling to mTORC1, and mediate the amino acid induced re-localization of mTOR within the endomembrane system of the cell. Given the prevalence of cancer-linked mutations in the pathways that control mTORC1 (1), it is possible that Rag function is also deregulated in human tumors. Effects of overexpressed RagB GTP -containing heterodimers on the mTORC1 pathway and its response to leucine, amino acids, or insulin. Effects of expressing the indicated proteins on the phosphorylation state of co-expressed S6K1 in response to deprivation and stimulation with (A) leucine, (B) total amino acids, or (C) insulin. Cell lysates were prepared from HEK-293T cells deprived for 50 minutes of serum, and (A) leucine or (B) amino acids, and then, where indicated, stimulated with leucine or amino acids for 10 minutes. HEK-293E cells (C) were deprived of serum for 50 minutes and where indicated stimulated with 150 nM insulin for 10 minutes. Lysates and FLAG-immunoprecipitates were analyzed for the levels of the specified proteins and the phosphorylation state of S6K1. (D) Effects of amino acid deprivation on insulin-mediated activation of mTORC1. HEK-293E cells were starved for serum and amino acids or just serum for 50 minutes, and where specified, stimulated with 10 or 150 nM insulin. Cell lysates were analyzed for the level and phosphorylation state of S6K1. 
